INTRODUCTION
The role of adrenergic stimuli in regulating adipose tissue lipolysis has been highlighted by studies involving the introduction of adrenergic agonists and antagonists via a microdialysis cannula [l-31. Microdialysis also provides a means of studying the interstitial environment in adipose tissue, and thus indirectly metabolism within the tissue in uiuo [l, 41. Such studies imply that the net adrenergic effect on lipolysis in normal subjects after an overnight fast is inhibitory rather than stimulatory [l], but that adrenergic stimulation of lipolysis becomes important in stress states such as exercise and mental stress [l, 51. It is not clear from such studies whether adrenergic influences on adipose tissue might be exerted via circulating adrenaline or via locally released noradrenaline. Some insight into this might be gained by studying catecholamine concentrations within the interstitial environment, and how they change during adrenergic stimulation of lipolysis. The few studies which have been made of interstitial catecholamine concentrations in subcutaneous adipose tissue suggest very low concentrations in the basal state [6, 71. Here, we have used microdialysis to investigate the responses of adipose tissue metabolism to systemic infusion of adrenaline, and to investigate the concomitant changes in interstitial catecholamine concentrations. The hypothesis was that in such a situation there should be an increase in the interstitial adrenaline concentration, since lipolysis is thought to be mediated via adrenoceptors in the adipocyte cell membrane.
Some of the results have been presented in abstract form [8] .
METHODS

Subjects
Seven healthy volunteers [four males, three females; age (mean f SEM) 29.1 f 2.5 years; body mass index (mean & SEM) 23.1 & 1.3 kg/m2] participated in the study. A detailed history and examination were undertaken to exclude any illness. In addition, all the subjects had normal blood results (full blood count, plasma electrolytes) and ECG. The study was approved by the University of Nottingham Medical School Research Ethics Committee and all subjects gave their written informed consent before the study.
Protocol
Subjects arrived at the laboratory after an overnight fast. Arterialized venous blood was obtained through a 20-gauge cannula placed retrogradely in the dorsal venous arch of the hand. This hand was warmed in a hot box which was maintained at 65°C [9] . Another 20-gauge cannula was placed anterogradely in the cephalic vein for adrenaline infusion. The cannulae were kept patent by continuous saline (0.9% NaCl) infusion at a rate of 30ml/h. The ambient temperature was maintained at 23 f 1°C and the subjects rested in a supine position for the duration of the study.
Three microdialysis catheters (0.2 k 30 mm, cuprophane, 3000 Da cut-off; Nephross, Organon Teknika, Belgium) were inserted into the subcutaneous adipose tissue of the anterior abdominal wall with the aid of a cannula (18-gauge Venflon, Ohmeda, Hatfield, U.K.). Entry and exit sites for the probes were anaesthetized with 1% lignocaine (Xylocaine 1%; Astra Pharmaceuticals Ltd, Kings Langley, U.K.). These catheters were separated by a distance of at least 30mm. Although other workers have not used local anaesthetic [4] , it seems unlikely that it affected our results. First, it was used only in the skin at entry and exit sites. Second, no experimental dialysate collections were made until almost 3 h after administration of local anaesthetic, and the effects of lignocaine on adipocyte metabolism are completely removed if the agent is washed away [lo] .
The input limbs of the microdialysis catheters were connected to a high-precision infusion pump (CMA/Microdialysis; Biotech Instruments Ltd, Luton, U.K.). A solution containing saline (NaC1 150 mmol/l) and dextrose (glucose 3.0 mmol/l) was infused at a rate of 2.5 pl/min for a period of 30 min. Two of the catheters were then calibrated with glycerol, glucose and lactate as described below. After calibration the infusate was changed again to saline with glucose (3 mmol/l), and dialysates were collected at 15 min intervals from the output limbs of the catheters. A glucose concentration of 3 mmol/l was used because if no glucose is included, glucose is depleted from the interstitial space and falsely low concentrations may be measured [4] . The techniques used (infusate concentrations, flow rate and catheter design) were based on those developed by Lonnroth et al. [4] and Simonsen et al. [ll] .
Thirty min after calibration was completed, adrenaline was infused intravenously at a rate of 25ngkg-'min-' for a period of 1 h. During this period, blood and dialysate samples were obtained every 15min and this procedure was continued for a further period of 30min after the completion of adrenaline infusion. In the first two experiments reported here, a catecholamine preservative solution (12.5 pl) was added to the dialysates immediately after collection and they were frozen at -70°C. In the five later experiments, dialysates were collected directly into the catecholamine preservative solution. There were no obvious differences in results between these two methods of collection.
Calibration of the microdialysis catheters in vivo
Calibration was performed in vivo using the equilibrium method [4, 121 . Different concentrations of the compounds to be measured in the interstitial compartment were infused and the corresponding dialysates were collected. Four different concentrations of glycerol (0-260 pmol/l), glucose (0-8 mmol/l) and lactate (0-3.5 mmol/l) were infused in random order for 30 rnin periods, collecting dialysate for the last 15min of each period. The net changes (dialysate -infusate) were calculated and the interstitial concentration of each compound was estimated by plotting infusate concentrations against net changes and fitting the least-mean-squares regression line. It was assumed that when the infusate concentration was identical to dialysate concentration, i.e. the net change was zero, the infusate concentration must be equal to the interstitial concentration. The recovery characteristics of each catheter were used to measure the subsequent interstitial concentration changes [ 131. Mean values ( & SD) for recovery were: glucose, 56 f 24%; lactate, 47 k 23%; glycerol, 74 f 19%.
Analytical methods
Microdialysis samples for glycerol, glucose and lactate analysis were kept at 4°C and those for catecholamine analysis were collected into a preservative solution containing EGTA and glutathione before freezing at -70°C. Blood glycerol and lactate were measured by mixing loop1 of arterialized blood with 200pl of 7% (w/v) perchloric acid; after 10min of centrifugation the supernatant was removed and stored at -20°C. The rest of the sample was centrifuged and an aliquot of the arterialized plasma was stored at 4°C for glucose analysis. The rest was stored either at -20°C for nonesterified fatty acid (NEFA) and hormone analysis or at -70°C with the preservative solution for catecholamine analysis.
Glycerol, glucose and lactate were measured by a fluorimetric enzymic method adapted to a Monarch Clinical Chemistry Analyser [ 141. An enzymic method was used to measure NEFA in the arterialized plasma (WAKO NEFA C kit; Alpha Laboratories Ltd, Eastleigh, U.K.). Glycerol and lactate were measured in the whole blood whereas glucose and NEFA were measured in the plasma.
Insulin, a hormone of major relevance in regulation of lipolysis, was measured in the arterialized plasma by double-antibody radioimmunoassay (Pharmacia Ltd, Milton Keynes, U.K.). Catecholamines were measured in the arterialized plasma and the dialysates by HPLC with electrochemical detection [l5]. For dialysates, 50p1 of dialysate/ antioxidant mixture was added to 2 0 4 of 3,4-dihydroxybenzylamine (lo-' mol/l; internal standard) and treated exactly as for plasma. The electrochemical detector used was an Antec (Leiden, Netherlands). The sensitivity (minimum detectable concentration, defined as peak = 3 x baseline noise) varies from batch to batch but was assessed for each batch of analyses. For standards, it was normally 3 fmol injected onto the column (approximately equivalent to 8fmol in the 5Opl of dialysate).
Statistical analysis
Data in the text and figures are expressed as mean f SEM. The effect of adrenaline infusion on the metabolite and hormone concentrations in the blood and dialysate fluid was assessed by repeated measures analysis of variance (ANOVA) with time as a within-subject factor. All the subjects had two microdialysis probes for glucose, lactate and glycerol measurements. Dialysate concentrations were measured for each probe, converted to absolute interstitial concentrations and averaged within subjects (each subject therefore contributed one value at each time-point).
RESULTS
Metabolite and hormone concentrations in the interstitial fluid and blood
The interstitial glycerol and lactate concentrations ( 18 1 f 17 pmol/l, 35 10 & 322 pmol/l) were significantly higher than the blood glycerol and lactate concentrations (47 & 6 pmol/l, 520 f 26 pmol/l) in the basal state (paired t-test: P < 0.005, P < 0.OOOl). The interstitial glucose concentration (4.87 f 0.56 mmol/l) was similar to the plasma glucose concentration (4.78 f 0.08 mmol/l) in the basal state.
Adrenaline infusion caused a marked increase in the interstitial and blood glycerol concentration, a 2-fold peak rise occurring within 30min of starting the adrenaline infusion (Fig. 1) . When the adrenaline infusion was discontinued, the blood and inter- stitial glycerol concentration decreased below the basal value.
The blood lactate and the plasma glucose concentrations increased significantly with adrenaline infusion, but the rise in the interstitial concentrations of lactate and glucose was not significant (Fig. 1) .
The plasma NEFA concentration increased significantly during the adrenaline infusion and followed a similar pattern to that of blood glycerol concentration (Fig. 2) .
There was a significant rise in the plasma insulin concentration during adrenaline infusion, which was similar in timing to the increase in plasma glucose concentration (Fig. 2) .
Catecholamine concentrations in the plasma and the dialysate fluid
The basal plasma adrenaline and noradrenaline concentrations were 0.15 & 0.03 nmol/l and 1.48 f 0.21 nmol/l respectively. Adrenaline infusion resulted in an 11-fold rise in the plasma adrenaline concentration to 1.82f0.15 nmol/l after 30min (Fig.  3) . Once the infusion was discontinued, the mean plasma adrenaline concentration declined rapidly to basal values. Basal dialysate noradrenaline and adrenaline concentrations were very low and only four subjects had detectable levels of adrenaline, but all had detectable levels of noradrenaline. When the levels were below the detection threshold the concentration was assumed to be zero. Nevertheless, adrenaline infusion resulted in a significant 3-fold rise in the dialysate adrenaline concentration from 43 f 37 pmol/l to 1 12 f 48 pmol/l (Fig. 3) .
Plasma noradrenaline levels increased significantly during the adrenaline infusion (Fig. 3) . The basal dialysate noradrenaline concentration was 1 170 f 430 pmol/l, and after adrenaline infusion there was a 2-fold rise in its dialysate concentration to 2830f 1470pmol/l (Fig. 3) ; however, this rise was not significant. The dialysate concentrations of adrenaline and noradrenaline returned to basal levels immediately after stopping the adrenaline infusion.
DISCUSSION
This study demonstrates that the adipose tissue interstitial environment is very different from that of plasma. The basal interstitial glycerol and lactate concentrations were considerably higher than those in blood, while that of glucose was similar to blood.
The interstitial lactate concentrations we observed were more in agreement with the findings of Simonsen et al.
[ll] than those of Jansson et al. [13] . Plasma lactate concentrations are higher than those of whole blood [16] , and since the interstitial concentration will be in equilibrium with that in plasma, it would in turn be expected to be higher than that in whole blood. Calculated lactate concentrations are higher when the calibration is carried out in the presence of glucose in the dialysate [13] . It has also been shown that when the microdialysis probes are placed closer to the skin the recorded dialysate lactate concentrations are higher and those of glycerol are lower [17] . Most of our subjects were lean, and thus part of the higher lactate dialysate concentration might be attributed to the nearness of the skin. Interstitial glucose concentrations were similar to those in whole blood during the basal period as shown by others [ll, 18, 191 , and as expected from arteriovenous difference measurements which show very little extraction of glucose by adipose tissue in uiuo [ll, 201.
When adrenaline was infused, the concentration of glycerol in the whole blood and in the interstitial fluid increased, indicating stimulation of lipolysis. After 30 min of continuous adrenaline infusion, the glycerol concentration decreased both in the whole blood and in interstitial fluid. A number of others have shown a similar fall in glycerol concentration, which has been attributed to P,-adrenoceptor downregulation [2] . Similarly, the whole-body glycerol production rate assessed isotopically reaches a maximum after 30min of adrenaline infusion and then declines [21] . The interstitial lactate concentration increased, although not significantly. This may have had an inhibitory effect on lipolysis [22] . Adrenaline increases adipose tissue blood flow [23, 241 . This may have led to increased washout of glycerol from adipose tissue [25] , but this alone cannot account for the fall in both the whole blood and the interstitial glycerol concentration. The other possibility could have been that adrenaline increased the rate of glycerol clearance from the whole blood. However, the fall in the plasma NEFA concentration would point towards inhibition of lipolysis. This could have been due to the increased plasma insulin concentration induced by adrenaline [23] or some other local regulatory factor.
There were significant increases in the blood lactate concentrations and plasma glucose concentrations, but the rise in the interstitial lactate and glucose concentrations were small and not significant. Similar interstitial glucose results were obtained by Simonsen et al.
[11] even during a higher rate of adrenaline infusion. It would appear either that the microdialysis technique is far better at detecting interstitial adipose tissue glycerol changes than those of glucose or lactate during adrenaline infusion, or that concentrations of glucose and lactate equilibrate much more slowly with the plasma. The latter explanation is consistent with the fact that adipose tissue is the source of the increase in plasma glycerol in this situation, whereas glucose and lactate probably arise mainly from other tissues. Thus, microdialysis measurements highlight tissue metabolism and hence tissue specialization.
There are a number of difficulties in calculating the absolute interstitial concentration of noradrenaline or adrenaline in adipose tissue. If the no net flow or the equilibrium technique [4] is used for calibration with vasoactive substances, these may alter the local adipose tissue blood flow [3] . The low flow rate calibration technique [19] can potentially lead to increased degradation of catecholamines within the exit tubing of the probe due to prolonged transit time. The internal reference method [26] , in which the recovery of a small quantity of isotopic adrenaline or noradrenaline in the infusate is used for calibration, may be the method of choice [27] . We measured catecholamine concentrations in the dialysate fluid to detect relative changes from the basal state. This meant that we were able to avoid the problems associated with calibration of the probes, but we were unable to calculate the absolute interstitial concentrations of adrenaline and noradrenaline.
The ratio of dialysate to plasma adrenaline and noradrenaline was lower than the same ratio for glycerol, glucose and lactate. This implies that either the recovery of adrenaline and noradrenaline was low or their concentrations in the interstitial fluid were low. Alternatively, there may have been degradation of catecholamines within the probe. In some studies, glutathione or ascorbic acid have been added to the infusate as a preservative [7, 271. However, these preservatives can diffuse into the local tissue, where they may inhibit the local monoamine oxidase [28] . In one such study [27] , interstitial catecholamine concentrations were more comparable to plasma concentrations, whereas in another the dialysate concentrations were lower than those we measured [7] . When in vivo [27] and in vitro [6] recoveries of adrenaline and noradrenaline were taken into account from the existing studies, it would appear that the interstitial concentrations of adrenaline in our studies could have been 3-to 15-fold lower than those of plasma, whereas interstitial concentrations of noradrenaline were probably similar to those in plasma. This would be consistent with the findings of others, that infusate concentrations of noradrenaline and adrenaline several-fold less than those in plasma were able to stimulate lipolysis [2] . The relatively low concentrations of adrenaline and noradrenaline in the interstitial fluid of adipose tissue could be accounted for by the high activity of monoamine oxidase in adipose tissue [29] . The activity of this enzyme in adipose tissue has been demonstrated indirectly in vivo, where adipose tissue has been shown to take up noradrenaline during noradrenaline infusion
The finding that, in relative terms, the resting interstitial noradrenaline concentration in adipose tissue was 25-30-fold greater than the adrenaline concentration highlights the point made earlier, that the interstitial concentration reflects most clearly those substances produced within the tissue. On the other hand, during adrenaline infusion there was a significant rise in the relative interstitial adrenaline concentration, presumably reflecting increased diffusion into the adipose tissue from the elevated plasma concentration. Although there was a significant rise in the plasma noradrenaline concentration during adrenaline infusion, this was not seen in the interstitial noradrenaline concentration. Adipose tissue has poor sympathetic innervation [31, 321, and most of the noradrenaline spillover into the plasma would presumably have been accounted for by the more densely innervated organs [33] .
In this study we have shown that the interstitial concentrations of some metabolites and catecholamines are very different from those in blood and plasma, and this difference reflects the specialization of adipose tissue. In addition, this opens up the possibility of exploring the adrenergic regulation of metabolism within individual tissues.
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